Mitogen-activated protein kinases (MAPKs) mediate many of the cellular effects of growth factors, cytokines and stress stimuli. Their activation requires the phosphorylation of a threonine and a tyrosine residue located in a Thr-X-Tyr motif (where X is any amino acid) [ Results and discussion MKK4 and MKK7 that had been activated by MEKK1 (a MAPK kinase kinase) were diluted appropriately to produce a small activation of SAPK1c after a 20 minute incubation. When MKK4 and MKK7 were combined, the rate and extent of activation of SAPK1c increased eightfold (Figures 1a and 2a) , although the incorporation of phosphate into SAPK1c was not even doubled ( Figure 1b) . These results suggested that MKK4 and MKK7 were likely to be acting synergistically by phosphorylating different sites on SAPK1c and this was confirmed by phosphoamino-acid analysis. Thus, SAPK1c incubated with low levels of MKK4 was phosphorylated mostly on tyrosine, whereas SAPK1c incubated with MKK7 was largely phosphorylated on threonine (Figure 2c) .
MKK4 and MKK7 that had been activated by MEKK1 (a MAPK kinase kinase) were diluted appropriately to produce a small activation of SAPK1c after a 20 minute incubation. When MKK4 and MKK7 were combined, the rate and extent of activation of SAPK1c increased eightfold (Figures 1a and 2a) , although the incorporation of phosphate into SAPK1c was not even doubled ( Figure 1b) . These results suggested that MKK4 and MKK7 were likely to be acting synergistically by phosphorylating different sites on SAPK1c and this was confirmed by phosphoamino-acid analysis. Thus, SAPK1c incubated with low levels of MKK4 was phosphorylated mostly on tyrosine, whereas SAPK1c incubated with MKK7 was largely phosphorylated on threonine (Figure 2c ).
If the concentration of MKK4 was increased from 0.05 to 0.2 µM and the incubation time extended from 20 to 60 minutes, SAPK1c activation was increased eightfold (compare Figure 2a and Figure 2b ), and substantial threonine phosphorylation could now be detected in addition to tyrosine phosphorylation (Figure 2d ). Increasing the MKK7 concentration from 0.4 to 0.8 µM and the incubation time from 20 to 60 minutes (or longer) increased SAPK1c activation only about threefold and tyrosine phosphorylation remained low (Figure 2d ). Under these conditions, the combined addition of MKK7 and MKK4 did not produce much further activation over that obtained with MKK4 alone (Figure 2b ). 
MKK7
To identify the sites of phosphorylation, 32 P-labelled SAPK1c preparations were digested with trypsin and the resulting phosphopeptides resolved on a C 18 column. SAPK1c phosphorylated by MKK4 generated a major phosphopeptide eluting at 20.6% acetonitrile (peptide 2) and a minor phosphopeptide at 19.6% acetonitrile (peptide 1; Figure 3a ). In contrast, peptide 3 (eluting at 21.3% acetonitrile) was the major phosphopeptide after phosphorylation by MKK7, whereas peptide 2 was present only in trace amounts (Figure 3b ). When SAPK1c was phosphorylated in the presence of both MKK4 and MKK7, peptides 1, 2 and 3 were all present, peptide 1 being more prominent than after phosphorylation by MKK4 alone and peptide 3 being far less prominent than after phosphorylation by MKK7 (Figure 3c ).
A combination of phosphoamino-acid analysis (data not shown) and Edman sequencing (Figure 3d -f) revealed that peptides 1, 2 and 3 were differentially phosphorylated forms of the same 15-residue tryptic peptide encompassing the Thr-Pro-Tyr motif of SAPK1c. Peptide 1 contained phosphothreonine and phosphotyrosine, and 32 P-radioactivity was released after the ninth and eleventh cycles of Edman degradation (Figure 3d ). This corresponds to Thr183 and Tyr185 with the tryptic cleavage occurring at the Arg-Thr bond between residues 174 and 175. Peptide 2 contained phosphotyrosine only and was phosphorylated at Tyr185 (Figure 3e ), whereas peptide 3 contained phosphothreonine only and was phosphorylated at Thr183 (Figure 3f ). These results confirm that MKK4 phosphorylates Tyr185 much faster than Thr183 and that MKK7 phosphorylates Thr183 much more rapidly than Tyr185. MKK7, however, clearly does phosphorylate Tyr185 at a low rate.
The preference of MKK4 for Tyr185 has been noted previously by others [4] , who suggested that the slower phosphorylation of Thr183 might be an autophosphorylation event catalysed by SAPK1 itself after Tyr185 had been phosphorylated by MKK4. We found, however, that the level of threonine phosphorylation was not significantly affected by mutating the Asp169 residue to Ala, which generates a catalytically inactive SAPK1c (see Supplementary material published with this paper on the internet). Thus, MKK4 can phosphorylate SAPK1c at Thr183.
SAPK1 that has been maximally activated by coexpression with MKK4 in Escherichia coli can be completely inactivated by treatment with protein phosphatase 2A (PP2A), but is only 90% inactivated by treatment with the protein tyrosine phosphatase PTP1B [10] . This suggests that Tyr185 phosphorylation alone is insufficient for activation, and that SAPK1 phosphorylated specifically at Thr183 may be 10% as active as the doubly phosphorylated enzyme. This conclusion is supported by our finding that SAPK1c that is activated by MKK4 was inactivated 90-95% by treatment with PTP1B, whereas SAPK1c activated by MKK7 was inactivated by only 40% when treated with PTP1B in parallel experiments. In contrast, PP2A decreased SAPK1c by more than 90%, irrespective of which MKK was used for activation (data not shown).
The above results implied that the phosphorylation state of SAPK1c might be critical in determining which activators of this enzyme can be detected biochemically. The results in Figure 4 demonstrate that this is indeed the case. When MKK4 and MKK7 were immunoprecipitated from the lysates of an interleukin-1 (IL-1)-responsive human oral epidermal carcinoma cell line (KB cells) previously exposed to ultraviolet (UV) radiation, MKK7 was the only activator of SAPK1c detected when the assays were carried out using SAPK1c that was first phosphorylated with low concentrations of MKK4 (Figure 4a ). Conversely, MKK4 was the only activator detected when the assays were performed with SAPK1c partially phosphorylated with low concentrations of MKK7 (Figure 4b ). Under the same assay conditions, MKK4 and MKK7 could barely be detected when unphosphorylated SAPK1c was used as a substrate. When the same experiments were carried out using lysates from KB cells that The results presented in Figure 4 are consistent with previous work from this [8] and other [9, 11] laboratories which showed that, while MKK4 and MKK7 are both activated in response to stress stimuli, only MKK7 is activated by the proinflammatory cytokines IL-1 and tumour necrosis factor (TNF) in several mammalian cells and tissues. This raises the question of whether further IL-1/TNF-activated MKKs exist that phosphorylate SAPK1 isoforms at Tyr185. Indeed, activators of SAPK1 that are induced by IL-1/TNF and are chromatographically distinct from MKK4 and MKK7 have been partially purified, but their specificity for Thr183 and Tyr185 has not been reported and they have not yet been cloned [9, 12, 13] .
Embryonic fibroblasts isolated from mice lacking MKK4 are severely impaired in the activation of SAPK1 after stimulation by IL-1 or TNF [14] , in apparent conflict with the work cited above, which showed that MKK7 (and not MKK4) is activated by these proinflammatory cytokines in other cells and tissues. The MKK4 -/-fibroblasts, however, were also severely impaired in their ability to activate MKK3 or MKK6 or their downstream target SAPK2a (also known as p38) after stimulation with IL-1/TNF (but not after exposure to osmotic shock). These observations suggest that MKK4 may be needed for the synthesis of a protein required to couple IL-1/TNF to the activation of MKK3/MKK6. It will clearly be important to examine whether the activation of MKK7 (or its synthesis) is impaired in MKK4 -/-mice.
It was essential to remove the histidine 6 (His 6 ) tag and 'linker' sequence from the amino terminus of SAPK1c fusion proteins to perform the experiments described in this paper (see Materials and methods). If this was not done, the His 6 -SAPK1c fusion protein became phosphorylated equally at tyrosine and threonine after incubation with MKK7. Remarkably, however, phosphopeptide mapping and amino-acid sequencing revealed that MKK7 had not phosphorylated Tyr185, but had phosphorylated a tyrosine residue in the linker sequence before the start of the SAPK1c protein (data not shown). This tyrosine residue lies in the sequence Arg-Asp-Asp-Leu-TyrAsp-Asp-Asp-Asp. Thus, although MKK7 preferentially phosphorylates bacterially expressed SAPK1c at Thr183, it is intrinsically a dual-specificity protein kinase, like other MKKs. This raises the intriguing possibility that a protein(s) may exist that enhances the ability of MKK7 to phosphorylate SAPK1 at Tyr185. A candidate could be the Jun N-terminal kinase (JNK)-interacting protein 1 (JIP1), which interacts with MKK7 and SAPK1 and is reported to enhance the activation of SAPK1 by MKK7 in cotransfection experiments [15] .
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Figure 3
Tryptic phosphopeptide mapping of SAPK1c.
(a-c) SAPK1c was phosphorylated with [γ-32 P]ATP and MKK4 and/or MKK7 as in Figure 2a and, after SDS-PAGE, the bands corresponding to SAPK1c were excised, extracted, oxidised with performic acid, digested with trypsin and chromatographed on a Vydac C 18 column equilibrated in 0.1% trifluoroacetic acid as in [16] . The solid lines show 32 P radioactivity and the dashed lines the acetonitrile gradient. (d-f) Peptides 1, 2 and 3 from (a-c) were subjected to solidphase sequencing to identify the sites of phosphorylation and also (after further purification) to conventional gas-phase sequencing [17] . 
Materials and methods
Expression and purification of recombinant fusion proteins
Recombinant glutathione-S-transferase (GST)-MKK4, GST-MKK7, GST-ATF2(19-96), His 6 -MEKK and His 6 -SAPK1c were expressed in E. coli and purified as described [8] . Asp169 of SAPK1c was mutated to Ala by site-directed mutagenesis to create a catalytically inactive mutant. The SAPK1 sequence was preceded by 41 residues comprising the sequence Met-Arg-Gly-Ser followed by six histidine residues and 31 residues of a linker sequence. Cleavage with enterokinase (Invitrogen) according to the manufacturer's recommendations removed the Met-Arg-Gly-Ser sequence, the His 6 tag and 21 residues of the linker sequence. The proteinase was removed by incubation with soybean trypsin inhibitor agarose (Sigma), and any uncleaved protein and the cleaved His 6 tag were removed using nickelnitrilotriacetate (NTA) agarose (Qiagen). The unbound protein was then passed through a Spin-X filter (Costar) and dialysed overnight against 50 mM TrisHCl pH 7.5, 0.1 mM EGTA, 0.1% (v/v) 2-mercaptoethanol, 0.03% (m/v) Brij35, 50% (v/v) glycerol, and stored unfrozen at -20°C at a concentration of 1 mg/ml. GST-MKK4 and GST-MKK7 were activated by treatment with His 6 -MEKK [8] .
Protein kinase assays
The rate of SAPK1c activation by GST-MKK4 and/or GST-MKK7 was measured at 30°C in a 25 µl reaction containing 2 µM His 6 -SAPK1, 50 mM TrisHCl pH 7.5, 0.1% (v/v) 2-mercaptoethanol, 0.1 mM EGTA, unlabelled 0.1 mM ATP and 10 mM magnesium acetate. Activated GST-MKK4 and/or GST-MKK7 were added (or replaced by buffer in control incubations) and, at various times, a 5 µl aliquot was withdrawn and added to a SAPK1c/JNK1γ assay (50 µl final volume) containing 3 µM GST-ATF2(19-96), 50 mM Tris/HCl pH 7.5, 0.1 mM EGTA, 0.1% (v/v) 2-mercaptoethanol, 10 mM magnesium acetate and 0.1 mM [γ-32 P]ATP (500,000 cpm/nmol). After 5 min at 30°C, the reaction was terminated by spotting 40 µl on to Whatman P81 phosphocellulose paper and immersion in 75 mM phosphoric acid. The papers were washed, dried and counted [8] . Under these conditions the rate of activation of SAPK1c was linear with time and enzyme concentration up to 0.1 µM MKK4 and 1 µM MKK7. One unit of SAPK1 was that amount which incorporated 1 nmol phosphate into GST-ATF2 in 1 min.
Supplementary material
A figure showing that MKK4 phosphorylates both wild-type SAPK1c and a catalytically inactive Asp169→Ala SAPK1c mutant at Thr183 as well as at Tyr185 is published with this paper on the internet.
Figure 4
Detection of the activators of SAPK1c in KB cell extracts depends on the phosphorylation state of SAPK1c. KB cells were either (a,b) exposed to UV-C radiation (60 J/cm 2 ) and then incubated for a further 30 min at 37°C, or (c,d) stimulated for 15 min with 20 ng/ml IL-1. The cells were then lysed as described [16] and MKK7 (a,c) or MKK4 (b,d) immunoprecipitated from 250 µg cell lysate [8] and assayed with unphosphorylated SAPK1c (white bars), SAPK1c previously phosphorylated for 5 min with MKK4 as in Figure 1a MKK4 phosphorylates both (a) wild-type SAPK1c and (b) a catalytically inactive Asp169→Ala SAPK1c mutant at Thr183 as well as at Tyr185. Phosphorylation was carried out using high concentrations of MKK4 as described in Figure 2b . 
